Low-temperature spectra of fully active (oxygen-evolving) Photosystem II (PSII) cores prepared from spinach exhibit well developed structure. Spectra of isolated sub-fragments of PSII cores establish that the native reaction centre is better structured and red-shifted compared to the isolated reaction centre. Laser illumination of PSII cores leads to efficient and deep spectral hole-burning. Measurements of homogeneous hole-widths establish excitedstate lifetimes in the 40-300 ps range. The high hole-burning efficiency is attributed to charge separation of P680 in native PSII that follows reaction-centre excitation via 'slow transfer' states in the inner light-harvesting assemblies CP43 and CP47. The 'slow transfer' state in CP47 and that in CP43 can be distinguished in the hole-burning action spectrum and high-resolution hole-burning spectra. An important observation is that 685-700 nm illumination gives rise to efficient P680 charge separation, as established by Q − A formation. This leads to a new paradigm for P680. The charge-separating state has surprisingly weak absorption and extends to 700 nm. PSII is a multi-protein trans-membrane assembly found in O 2 -evolving photosynthetic organisms. [1] It comprises a core complex and antenna proteins containing chlorophyll a (Chl a) and pheophytin a (Pheo a). A functioning (O 2 -evolving) PSII core complex consists of D1 and D2 proteins, an integral cytochrome b 559 (Cyt b 559 ) protein, and closely bound inner light-harvesting proteins CP43 and CP47. There are other smaller, pigment-free peptides [2] involved in the stabilization of active PSII. The D1/D2 heterodimer is analogous to the L and M proteins in the bacterial reaction centre.
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A formation. This leads to a new paradigm for P680. The charge-separating state has surprisingly weak absorption and extends to 700 nm. PSII is a multi-protein trans-membrane assembly found in O 2 -evolving photosynthetic organisms. [1] It comprises a core complex and antenna proteins containing chlorophyll a (Chl a) and pheophytin a (Pheo a). A functioning (O 2 -evolving) PSII core complex consists of D1 and D2 proteins, an integral cytochrome b 559 (Cyt b 559 ) protein, and closely bound inner light-harvesting proteins CP43 and CP47. There are other smaller, pigment-free peptides [2] involved in the stabilization of active PSII. The D1/D2 heterodimer is analogous to the L and M proteins in the bacterial reaction centre. [1] X-ray crystal structures at 3.4-3.8 Å resolution of PSII core complexes of thermophilic cyanobacteria have been published. [3] [4] [5] These provide the arrangement of pigments and redox centers within a cyanobacterial PSII core (Fig. 1) . Plant PSII is assumed to have a similar organization.
The nature and kinetics of the primary electron donor in PSII (P680) is a topic of controversy and intense interest. The lowest excited state of P680 is the most highly photoactive object in biology and initiates the primary photochemistry in oxygenic photosynthesis. The involvement of, and degree of coupling between, the four central Chl a (P D1 , P D2 , Chl D1 , Chl D2 ) and two Pheo a (Pheo D1 , Pheo D2 ) bound to the D1 and D2 proteins is under continued discussion. [6, 7] A range Chl D1 Chl D2 ChlZ D2
Cyt b 559
ChlZ D1 Tyr Z Tyr D Fig. 1 . The PSII reaction-centre elements as determined from the crystal structure reported by Zouni et al. [5] The four central chlorophyll molecules are P D1 , P D2 , Chl D1 , and Chl D2 . The peripheral chlorophyll molecules are ChlZ D1 and ChlZ D2 . The D1/D2 pheophytin molecules are Pheo D1 and Pheo D2 , respectively. The primary quinone is Q A , the non-heme iron atom is indicated, as are the Cyt b 559 subunit, the redox-active tyrosine residues, Tyr Z and Tyr D , and the manganese cluster.
of monomeric, dimeric, and multimeric models have been proposed for P680. [6, 7] The CP43 and CP47 proteins are quite tightly bound to the D1/D2/Cyt b 559 reaction-centre assembly in PSII cores. They can be removed and isolated by controlled detergent solubilization. [8] In spinach PSII, they contain 12 and 14 Chl a respectively. [2] These two proteins serve as a conduit for excitation transfer from the outer light-harvesting assemblies to P680.
Photo-activated electron flow occurs primarily through the D1 protein. Primary charge separation involves the rapid reduction of Pheo D1 by P680 to form P680 + Pheo − D1 . Secondary electron transfer from Pheo − D1 to the primary quinone acceptor Q A occurs in ∼200 ps. [6, 7] P680 + oxidizes the redox-active tyrosine, Y Z , in nanoseconds, [6, 7] which is re-reduced by the manganese cluster on timescales up to milliseconds. [6, 7] There are four sequential one-electron light-driven oxidative steps of the manganese cluster in PSII, which are described by the Kok cycle. [1] The manganese cluster is progressively photo-converted from the lowest oxidation state, S 0 , to the S 1 , S 2 , S 3 , and S 4 states by the absorption of four photons. Oxygen is evolved at the catalytic manganese site in the S 4 state, returning the system to the S 0 state. At room temperature, the dark-adapted state of PSII is S 1 .
A PSII preparation can be poised in a specific S-state by controlled illumination protocols, and then trapped by rapid freezing. When a dark-adapted PSII sample is illuminated below 200 K, charge separation and Q − A formation occurs whilst manganese oxidation is inhibited and alternative secondary electron donors are utilized by the system. [9, 10] The Q − A radical anion can be monitored by electrochromic shifts of nearby chromophores, notably Pheo D1 . We have found [11] that illumination of PSII cores in the S 1 state at 1.7 K forms the S 1 (Q − A ) state with a high quantum efficiency (≈0.1) and is stable over a period of hours.
Many experiments have been performed on D1/D2/Cyt b 559 fragments, where photochemistry beyond a primary charge-separation step is inhibited by the absence of secondary electron acceptors. Charge recombination of P680 + Pheo − D1 is rapid (nanoseconds) allowing measurements of charge-separation kinetics via transient absorption or time-resolved fluorescence. At low temperature, charge separation has been determined [7, 12, 13] to occur on the 1-3 ps timescale, in agreement with results obtained from bacterial reaction centres. There is evidence [14] that the rate is highly dispersive in D1/D2/Cyt b 559 fragments. Room-temperature time-domain experiments on PSII cores do not show 1-3 ps transients corresponding to primary charge separation.
The technique of spectral hole-burning [15, 16] allows the determination of excited-state lifetimes via the determination of homogeneous linewidths, as well as a wealth of other spectral information. Such experiments, when performed in transmission mode, can be carried out with extremely low total laser fluence, largely overcoming the problems of measurement-induced photo-conversion.
Results and Discussion
Fig . 2 shows the 1.7-K absorption spectrum of PSII cores in the Q y (0,0) region. The spectrum is well structured, with a prominent sharp (∼50 cm −1 ) feature at 683.5 nm whose area corresponds to about two Chl a. From absorption, CD, and MCD data, we have associated this feature with P680. A small component of the intensity in this band is associated with a quasi-degenerate transition in CP43. The dotted line shows the absorption spectrum of the 'native' reaction centre. This is determined by subtraction of the spectra [17] of isolated CP47 and CP43 fragments from the PSII core spectrum. The spectrum of an isolated D1/D2/Cyt b 559 fragment is also presented for comparison. The area of each spectrum is scaled to account for the number of pigments in the protein assembly. All spectra were recorded under identical conditions.
Whereas the isolated D1/D2/Cyt b 559 reaction-centre fragment has its broad absorption peak near 680 nm, the 'native' centre is better structured. A prominent peak is at 683.5 nm. We have found [11] that this very characteristic feature is quantitatively reproduced, in both absorption and CD, in less solubilized and more intact PSII samples such as PSIIenriched membrane fragments and whole thylakoids. We interpret the dramatic changes occurring on isolation of the reaction-centre fragment as due to degradation and inhomogeneity of the D1/D2/Cyt b 559 sub-assembly at this step and consequent changes to pigment excitation energies.
PSII cores display efficient hole-burning in the spectral range from 675 to 695 nm. At higher energies, no holeburning is observed. This absence is a consequence of the very short lifetime (∼100 fs) of excitations of higher-energy Chl a states in CP47 and CP43. This translates into large homogeneous linewidths. A 100-fs lifetime corresponds to a homogeneous (Lorentzian) width of 53 cm −1 . When homogeneous and inhomogeneous linewidths become comparable, hole-burning is unlikely to be observable. Fig. 3 shows the hole-burning action spectrum, using 2-3 cm −1 width laser excitation, of a PSII core in the photoreduced S 1 (Q − A ) state. This is presented along with an absorption spectrum and the spectral location of Pheo D1 , as determined [11] by electrochromic shifts upon Q − A formation. The action spectrum provides the relative efficiency of hole-burning at different wavelengths and maps out . The action spectrum is fitted to the sum of two (dashed) Gaussian components as indicated. The heavy dashed line is the spectrum of Pheo D1 as determined by electrochromism experiments. [11] those chromophores/states that are actively involved in holeburning. There is a narrow feature centred at ∼684 nm that dominates the action spectrum. At wavelengths longer than 686 nm, where overall absorption is relatively weak, holeburning is also highly efficient and hole depths of ∼50% can be achieved. This depth establishes that hole-burning is occurring in the great majority of species absorbing in this region. Absorption in the 685-695 nm region has been [2] attributed to a (single) Chl a pigment in CP47. This pigment is therefore responsible for hole-burning in this region. The 684-nm feature in the hole-burning action spectrum is narrower than, and lies to lower energy than, the 683.5-nm feature seen in absorption. It is however well removed from the Pheo D1 absorption at 685 nm.
Initial hole-burning experiments were performed with a broadband laser enabling hole spectra and side-holes to be read out, over a wide wavelength range with a conventional spectrometer. Using a high-resolution (∼20 MHz linewidth) diode laser system, we have been able to determine the holewidths of persistent spectral holes burnt at a range of wavelengths from 684 to 692 nm. By measuring the holewidths as a function of temperature and laser fluence, it is possible to estimate the homogeneous linewidth of an excited state and thus its lifetime. The lifetimes determined [18] range from ∼40 ps in the 684-nm region to >200 ps near 692 nm. Fig. 4 shows a hole burnt at an intermediate wavelength of 686.23 nm. It reveals a hole-shape that is composite of two Lorentzian components, with widths 2.2 and 8.2 GHz. Holes burnt at higher or lower wavelengths are described by a single Lorentzian. We attribute the narrower component in Fig. 4 and also holes burnt at higher energies as due to a 'slow transfer' state of the CP43 component of PSII cores. Its width indicates a state with a lifetime of ≥40 ps, whereas the narrower component due to CP47 has an excited-state lifetime of ≥150 ps. We note that the temperature-and fluenceextrapolated spectral holewidths are twice the homogeneous linewidth. [18] Other factors broaden holes but do not narrow them.
As mentioned above we have previously identified [11] the feature at 683.5 nm as due to P680, along with a small component due to a state of CP43. The latter is at ∼683 nm in the isolated CP43 protein. [19] Any attempt to attribute the strong, efficient hole-burning to the P680 component at 683.5 nm would require P680 to have a charge separation time of >40 ps in a majority of reaction centers. This is more than an order of magnitude longer than seen in bacterial reaction centres (∼3 ps) and most reports on D1/D2/Cyt b 559 preparations (1−3 ps at <10 K), so we consider such an assignment unlikely.
We have seen that laser excitation in the 685-695 nm region of samples in the S 1 (Q A ) state yield, as well as spectral hole-burning, both efficient and complete photo-conversion of the sample to the S 1 (Q − A ) state, as monitored by characteristic spectral shifts near 685 nm. [11] From the latter it follows that the P680 feature at 683.5 nm cannot be the lowest excited state of P680. Excitation at significantly lower energies leads to charge separation and consequent Q − A formation. Attributing any narrow hole-burning as being into a higherlying exciton component of a coupled multi-chromophore P680 assembly is not tenable. Relaxation of such systems is known [14, 20] to be extremely rapid (<<1 ps), and extremely broad (>>159 GHz) spectral holes would result.
We must then assign the prominent feature in the holeburning action spectrum to a relatively long-lived state in CP43. The broader feature at lower energies is due to a corresponding long-lived state in CP47. Measurements of the quantum efficiency of hole-burning [18] show that the efficiencies of ∼1% in the S 1 (Q A ) state and ∼0.1% in the S 1 (Q − A ) state. Fluences used in hole-burning experiments on isolated pigments [19, [21] [22] [23] [24] are far higher than those used here. We attribute our exceptional efficiency to a mechanism associated with charge separation in P680 and not due to TLS (two level system) tunnelling in the excited state. The TLS mechanism is the usually inferred mechanism for persistent non-photochemical hole-burning in amorphous systems. [15, 16] We propose that after excitation of 'slow transfer' states in CP47 or CP43, energy is efficiently transferred to P680 and charge separation ensues. This dramatic event disturbs the environment of nearby chromophores, leading to an energy shift of the 'slow transfer' state initially excited. This results in efficient hole-burning independent of the lifetime of the 'slow transfer' state. This is in contrast to the TLS model where a short-lived excited state would have minimal time to tunnel to an alternative configuration and low hole-burning efficiencies would occur. Our interpretation is consistent with both the ∼10% quantum efficiency of emission of PSII cores and other spectral data. [18] 
Conclusions and Outlook
Spectral characteristics of the reaction centre in fully functioning PSII are far better resolved and distinctly different to those in isolated reaction-centre fragments. The minimal assembly in which the properties of native P680 can be studied is an active PSII core complex.
The systematics of highly efficient and narrow holeburning in active PSII establishes that both CP47 and CP43 have long-lived 'slow transfer' states which transfer excitation to P680 with good efficiency. The exceptional holeburning efficiency seen is attributed to the charge separation process following excitation transfer to P680.
The prominent P680 feature at 683.5 nm is not the lowest excited state of native P680. Very low temperature and low fluence excitation at wavelengths longer than 695 nm leads to efficient Q − A formation. This occurs despite more than 80% of the absorption in the 685-695 nm region being attributable to the 'slow transfer' pigment in CP47.
These results point to a new paradigm for native PSII and P680. A widely held current view [7, 12, 13] is that P680 acts as a 'shallow trap' in PSII with excitation being very rapidly (<1 ps) equilibrated amongst all core pigments. This is certainly not the case at low temperatures and this model may need to be reviewed. More surprising is that illumination of PSII cores activates P680 with high efficiency, with excitation wavelengths as long as 700 nm. Thus the lowest excited state of P680 is likely broad, having a dipole strength of less than 0.2 Chl a and underlies the CP47 'slow transfer' pigment absorption. Fig. 5 presents the well established arrangement of 'in line' coupling of the 'Special Pair' pigment transition dipoles, as present in bacterial reaction centres. [1, 25] This geometry gives rise to a lower energy transition carrying most of the intensity and a weaker transition to higher energies. The total intensity is conserved, being the sum of the two (bacterio)chlorophylls involved. The energy splitting is related to the dipole-dipole or exciton interaction energy. Such a situation is not at all apparent in native P680. We assign a weak lower energy component along with a stronger component at higher energy. This points to the possibility of a 'sandwich' dipole-dipole coupling of pigments, which leads to the higher energy component having dominant intensity. Such a coupling element may be an important component of a multimer description of P680. Crystal structure evidence [3] [4] [5] points to the 'Special Pair' (P D1 -P D2 ) in PSII having 'in line' transition dipoles. This situation is entirely analogous to the bacterial reactioncentre system. Therefore, coupling between the 'Special Pair' chlorophylls cannot account for the observed phenomenology unless their transition dipole directions have been changed by their protein environment. Many interpigment distances and subsequent exciton couplings are comparable in the PSII reaction centre, [3] [4] [5] leading to the possibility of a 'multimer' description in which excitations are shared by many pigments. The observation that the lowest excited state of P680 may have an intensity of less than 0.2 Chl a is a primary indicator that coupling within a P680 multimer is significant and greater than inhomogeneous line-widths and that a 'sandwich' interaction is significant.
Experimental
Samples PSII core complexes containing ∼32 Chl a per core were prepared from membrane-bound PSII as described previously. [2] Samples were rapidly thawed then diluted in the elution buffer and mixed with an ethylene glycol/glycerol (1:1) glassing medium to a final concentration of 40-50%, achieving a maximal optical density of ∼1 in the Chl a Q y spectral region. All sample handling was performed under dim green light. The sample cell was left in darkness for 5 min at room temperature before cooling to the data collection temperature.
Measurements
For absorption spectra and broadband hole-burning measurements a 12-mm diameter quartz-windowed cell assembly with a path-length of 150 µm was utilized. An Oxford Instruments Spectromag 4 cryostat was used. The spectrometer used for absorption and broadband hole-burning measurements was designed and developed in our laboratory and has been described in detail elsewhere. [2, 26] Glasses of high optical quality were obtained by lowering the cell, fixed to the sample rod, into liquid helium. Cooling from 300 to 4 K occurred over a time period of ∼30 s.
Broadband spectral holes were burnt with a Spectra-Physics 375 dye laser operating with DCM dye, and pumped by a SpectraPhysics 171 Ar + ion laser. For the high-resolution spectral hole-burning measurements the sample was placed into a 1.5-mm path-length sapphire-windowed cell, and mounted on the cold finger of a closed-cycle refrigerator (Janis/Sumitomo SHI-4.5). Hole burning was achieved, and transmission spectra recorded, using a Hitachi HL6738MG laser diode mounted on a Thorlabs TCLDM9 thermoelectric mount. The current and temperature of the 690-nm laser diode were maintained and controlled by Thorlabs LDC500 and TEC2000 current and temperature controllers, respectively. [27, 28] To burn holes, the laser was kept at constant current (and thus at constant wavelength). The beam was attenuated by an initial neutral-density (ND) filter, before being defocussed at the sample to a beam size ∼0.6 cm 2 . Additional ND filters were then placed between the laser and the cryostat so as to achieve the desired laser intensity for holeburning. For hole readout, the beam was further attenuated by additional ND filters to a point were minimal additional hole-burning occurred. The laser was repetitively scanned over ∼30 GHz (1 cm −1 ) by varying the laser diode current. All spectral holes were read in transmission.
